Introduction {#sec1}
============

How the brain makes us aware of our selfhood, as an individual separate from other individuals, is a long-standing question in the field of neuroscience. The sense of agency is defined as a subjective experience that "I" am the one who is causing or generating an action ([@ref27]; [@ref32]). This definition illustrates the interaction between body and environment (i.e., a sensorimotor process), specifying the self as the subject of action and perception ([@ref46]; [@ref47]; [@ref16]). Previous neuroimaging studies have reported multiple brain regions associated with the sense of agency, such as the supplementary motor area ([@ref67]; [@ref73]; [@ref49]), the cerebellum ([@ref7]; [@ref73]), the posterior parietal cortex ([@ref24]; [@ref22], [@ref23]; [@ref55]; [@ref60]; [@ref63]; [@ref73]; [@ref49]; [@ref53]; [@ref15]; [@ref26]; [@ref6]), the lateral prefrontal cortex ([@ref60]; [@ref53]; [@ref15]), the higher visual cortex ([@ref4]; [@ref17]; [@ref73]), and the insula ([@ref22]; [@ref67]; [@ref26]) (see also reviews and meta-analysis studies in [@ref18]; [@ref49]; [@ref64]). Most of these studies manipulated the discrepancy between participants' own actions and the sensory consequences for controlling the participants' attribution of the observed action to the self or to another. Then, they made contrasts between the self-attribution condition (the observed action is attributed to oneself) and the other-attribution condition (the action is attributed to another). These studies indicated that the reported regions are recruited at a certain stage of the sense of agency; however, it has not been clarified how the brain regions are involved in the process to develop sensorimotor information into agency attribution.

Theoretical models provide a clue for elucidating the neural process behind the sense of agency grounded on sensorimotor information. The comparator model, one of the most influential models of the sense of agency, has suggested the importance of sensorimotor processing for agency attribution ([Fig. 1](#f1){ref-type="fig"} left). This model suggests that the brain compares predicted and actual sensory consequences of an action ([@ref48]; [@ref8], [@ref9]). The result of this comparison, known as a prediction error, determines whether people attribute the observed action to their own or to another agent ([@ref9]; [@ref25]). As the comparator model highlights the sensorimotor process (i.e., calculation of sensory prediction error), there exists a gap between the sensorimotor process and agency attribution. [@ref65]) postulated the necessity of an intermediate process, named a nonconceptual feeling of agency, to take over the outcome of the comparator model and develop the information needed to achieve a conceptual judgment of agency ([Fig. 1](#f1){ref-type="fig"} right, see also [@ref66]). Summarizing the above, the two theoretical models suggest that there need to be multistep processes for the sense of agency extending from the lower sensorimotor to higher cognitive level ([Fig. 1](#f1){ref-type="fig"}).

![Multistep processes behind the sense of agency extending from lower sensorimotor to higher cognitive level processing. This schematic is an overview combing the two influential theories of the sense of agency: 1) the comparator model ([@ref48]; [@ref8], [@ref9]) and 2) the two-step account of agency ([@ref65], [@ref66]). Considering the two theoretical models together, agency attribution is achieved through the multistep processes extending from lower sensorimotor to higher cognitive level. The hypothesis in the current study is that some brain regions represent the immediate output of sensorimotor processing, while others represent the information directly leading to agency attribution. The background yellow gradation depicts the level of the information represented in the brain from sensorimotor to cognitive level, which is the main target of the current study. In [@ref65]), the sense of agency encompasses two levels of representation: a nonconceptual feeling and a conceptual judgment of agency. The term "agency attribution" (or "self-other attribution") in the current study corresponds to a conceptual judgment of agency. We assume that the process leading to the conceptual judgment of agency (not including the judgment process itself) based on the lower sensorimotor information is a nonconceptual "feeling of agency." We use the term "sense of agency" to include both a nonconceptual feeling and a conceptual judgment of agency.](bhaa028f1){#f1}

The current study reflected the theoretical models' implications in the hypothesis regarding the neural process. Namely, we hypothesized that there exists gradation in neural information from the lower sensorimotor to higher cognitive level ([Fig. 1](#f1){ref-type="fig"}, yellow gradation): Some brain regions preferentially represent the information closely related to agency attribution, while others represent the immediate output of sensorimotor processing. We tested the hypothesis by combining the following two strategies. First, we used an experimental paradigm in which self- or other agency gradually evolves according to the amount of sensorimotor experience ([@ref53]; [@ref2]). Participants continuously traced a target path by controlling a joystick under ambiguous conditions of agency. That is, we morphed visual feedback of the movement (a cursor position) by incorporating another person's pre-recorded movement into the participant's online movement. Accordingly, they could gradually perceive whether sensory feedback was attributed to self- or other control (self-other attribution). The second strategy was multivoxel pattern analysis (MVPA) of functional magnetic resonance imaging (fMRI) data ([@ref35]; [@ref41]; [@ref54]). MVPA makes it possible to explore neural information represented in distinct patterns of fMRI voxel signals ([@ref34]; [@ref37]). In the current study, we separately decoded self-other attribution and sensorimotor information (e.g., sensory prediction error), which was correlated with self-other attribution, and examined the preference for agency attribution (or for sensorimotor information) in the found regions. As a result, we found that the inferior parietal lobe (IPL), sensorimotor, anterior insula, and higher visual cortices contained the information that determined self-other attribution. Among the found regions, the right supramarginal gyrus (SMG) showed the highest preference for self-other attribution, compared with sensorimotor information, at the final stage of a movement. We acknowledge that the sense of agency is associated with not only sensorimotor information but also with external cues such as subliminal/supraliminal priming ([@ref51]; [@ref70]; [@ref15]) or social context ([@ref6]), and that it is finally determined as a result of integrating multiple sources of information ([@ref56]; [@ref50]; [@ref66]). Although multiple sources other than sensorimotor information also play a crucial role in the sense of agency, the current study focuses on the sense of agency grounded on the sensorimotor system illustrated in [Figure 1](#f1){ref-type="fig"}.

Materials and Methods {#sec2}
=====================

Participants {#sec3}
------------

Eighteen right-handed and healthy volunteers (six females) with a mean age of 25.9 years (20--42 years) participated in our experiment. Our previous study ([@ref2]), which adopted a similar experimental paradigm as a behavioral study, found a main effect of a morphing ratio condition on attribution judgment (for details of the experimental paradigm, see below). We calculated the sample size for our behavioral data because it is critical in the current study to obtain the effect of the morphing condition. We calculated this based on a power analysis for repeated measures analysis of variance (ANOVA) using G^\*^power 3.1 with power selected at 0.8, effect size (*f*) at 0.4, and alpha at 0.05. According to the requirements of this analysis, sample size for behavioral data was nine participants. Eventually, we chose the sample size of this study to be 18 based on the estimated sample size for behavioral data and those used in previous fMRI studies of the sense of agency ([@ref17]; [@ref23]; [@ref53]). Written informed consent was obtained from all of the volunteers in accordance with the latest version of the Declaration of Helsinki. The experimental protocol was approved by the ethics committee of Kochi University of Technology.

Behavioral Task {#sec4}
---------------

### Trial Timeline {#sec5}

Participants were required to trace a five-cycle sinusoidal wave (target path) with a cursor ([Fig. 2*A*](#f2){ref-type="fig"}) ([@ref2]). They manipulated a joystick with their right index finger to control the cursor on the screen.

![(*A*) Trial timeline. After moving a cursor to the start position (shown as a square) during the 5-s ready period, participants traced a sinusoidal target-path with a cursor controlled by a joystick during the 10-s move period. Following a 6-s delay period, participants assigned a score (on a 9-point Likert scale) to their self-other attribution by pushing buttons. (*B*) Target path (top). Numbers were sequentially presented every second to help participants maintain the required pace of tracing. Cursor visibility (bottom). The cursor was invisible on the screen during the first 2.0 s (first cycle). Visibility linearly increased from zero to one over the next 2.0 s (second cycle). Here, zero corresponds to black (RGB: 0, 0, 0), which is the same brightness as the background, while one corresponds to white (RGB: 255, 255, 255). The cursor continued to be clearly visible during the next 4.0 s (third and fourth cycles) and then linearly became darker from 8.0 to 10 s (fifth cycle). (*C*) Morphing method. Cursor position on the screen (*X*, *Y*) was the weighted summation of the joystick position controlled by the current participant (self) (*x*, *y*) and a pre-recorded joystick position (other) (*x*', *y*'). Weights were modified by a morphing ratio ($\documentclass[12pt]{minimal}
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*Cue and ready periods*. At the beginning of each trial, the trial number was displayed on the screen in a cue period of 1 s. While listening to four countdown sounds, participants set their cursor at the starting point located near the lower-left corner of the screen within a ready period of 5 s.

*Move period*. As soon as the target path was presented on the screen, participants started tracing it toward the goal point located near the lower-right corner of the screen. They were required to trace each half cycle of the target path in 1 s (i.e., 0.5 Hz) and to complete the entire movement within a move period of 10 s. We sequentially displayed numbers from 1 to 10 every second at the top and bottom of the sinusoidal target-path to help participants maintain the required pace of tracing ([Fig. 2*B*](#f2){ref-type="fig"} top and [Supplementary Movie 1](#sup2){ref-type="supplementary-material"}). The cursor position on the screen was determined by the weighted summation of the participant's online joystick and the pre-recorded other's joystick position (for details see Morphing Visual Feedback from Self to Other). Each participant was instructed that the cursor movement on the screen corresponded to the participant's own or to someone else's joystick movement and that he or she should trace the target path with the cursor as accurately and as smoothly as possible. Note that the cursor was invisible on the screen during the first 2.0 s of the move period (first cycle) and then gradually appeared (i.e., brightness of the cursor linearly increased) during the next 2.0 s (second cycle). Furthermore, the cursor gradually disappeared (i.e., brightness of the cursor linearly decreased) from 8.0 to 10 s (fifth cycle) ([Fig. 2*B*](#f2){ref-type="fig"} bottom and [Supplementary Movie 1](#sup2){ref-type="supplementary-material"}). The reason for this cursor-visibility control is that the onset and the offset of the cursor movement are sensitive to the mismatch between the participants' own joystick and the cursor movements, which predominantly affects self-other attribution judgment (i.e., temporal delay and spatial deviation at the onset/offset timing might strongly affect judgment).

*Delay and rating periods*. A blank screen was presented during a 6-s delay period after the move period. Then participants reported how much they felt the cursor movement could be attributed to their own joystick movement on a 9-point Likert scale from 1 (completely the other's movement) to 9 (completely their own movement). The number 5 was displayed on the screen at the beginning of a rating period for 8 s. The number was incremented or decremented by pressing the right or left button, respectively. The buttons were attached to the joystick box, and participants were instructed to press the buttons with their right hand.

### Morphing Visual Feedback from Self to Other {#sec6}

Visual feedback (i.e., cursor movement) during the tracing movement was morphed by incorporating another person's movement into the participant's movement. We calculated the weighted summation of the participant's online joystick position (*x*, *y*) and the other's position (*x*', *y*') at 60 Hz (refresh rate of the monitor) and displayed the cursor in the calculated position (*X*, *Y*) on the screen ([Fig. 2*C*](#f2){ref-type="fig"}). This weight corresponded to the morphing ratio ($\documentclass[12pt]{minimal}
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}{}$\alpha =1.0$\end{document}$). In the self 100% condition, the visible cursor position fully corresponded to the participant's joystick position (cursor labeled number 5 in [Fig. 2*D*](#f2){ref-type="fig"}). By contrast, in the self 0% condition, the visible cursor position was independent of the participant's own joystick position (cursor labeled number 1 in [Fig. 2*D*](#f2){ref-type="fig"}). In the self-other mixed conditions, the cursor was displayed at a position between the position of the participant's own joystick and that of the other person's pre-recorded joystick (cursor labeled number 2, 3, or 4 in [Fig. 2*D*](#f2){ref-type="fig"}).

### Experimental Procedure {#sec7}

Before the main fMRI runs, participants performed two types of practice runs inside the fMRI scanner. In the first practice run, the participants were trained to trace the target path with a cursor moving in accordance with 1-Hz metronomic sounds to become accustomed to the cyclic movement. In this run, the cursor movement precisely reflected their joystick movement (self 100% condition). In the second practice run, they conducted the same task as the main fMRI runs but with a smaller number of trials (10 trials) than that of the main runs (50 trials/run). After the practice runs, participants conducted three main runs/day (150 trials) for a total of six runs (300 trials) over 2 days. The participants performed the task using the five morphing ratios 10 times in random order during each of the main runs.

MRI Data Acquisition {#sec8}
--------------------

A 3-T Magnetom Verio scanner (Siemens) with a 32-channel head coil was used to acquire T2^\*^-weighted echo-planar images (EPI). In total, 753 volumes were acquired in each run with a gradient echo EPI sequence under the following scanning parameters: repetition time (TR), 2000 ms; echo time (TE), 30 ms; flip angle (FA), 70°; field of view (FOV), 192 × 192 mm; matrix, 64 × 64; 30 axial slices; and thickness, 4 mm with a 1-mm gap. T2-weighted turbo spin echo images were scanned to acquire high-resolution anatomical images of the same slices used for the EPI (TR, 6000 ms; TE, 58 ms; FA, 160°; FOV, 192 × 192 mm; matrix, 256 × 256; 30 axial slices; and thickness, 4 mm with a 1-mm gap). T1-weighted structure images were obtained with 1 × 1 × 1-mm resolution with a gradient echo sequence (repetition time, 2250 ms; echo time, 3.06 ms; flip angle, 9°; matrix, 256 × 256; 192 axial slices; and thickness, 1 mm without gap).

Preprocessing of fMRI Data {#sec9}
--------------------------

The fMRI data were analyzed using SPM8 (Wellcome Trust Centre for Neuroimaging, London, UCL) on MATLAB. We discarded the first three volumes of the functional images in each run to allow for T1 equilibration. The remaining image volumes were temporally realigned to correct for the sequence of slice acquisition and then spatially realigned to the first image to adjust for motion-related artifacts. Rigid-body transformations were performed to align the functional images to the structural image for each subject. The images were spatially normalized with the Montreal Neurological Institute (MNI) (Montreal, Quebec, Canada) reference brain and resampled into 3 × 3 × 4-mm cuboid voxels. Note that spatial smoothing was not applied to the data, since this might blur the fine-grained information contained in multivoxel activity ([@ref52]). After linear-trend removal within each run, we calculated the percentage of signal change relative to the mean of activity for each run.

Decoding Self-Other Attribution with Multivoxel Pattern Regression {#sec10}
------------------------------------------------------------------

We performed multivoxel pattern regression to decode a self-other rating score (ranging from 1 to 9) from the fMRI activity patterns during movement. A linear support vector regression (SVR) model implemented in LIVSVM ([http://www.csie.ntu.edu.tw/∼cjlin/libsvm/](http://www.csie.ntu.edu.tw/~cjlin/libsvm/)) was applied to the voxel patterns with the trial-by-trial rating score as a dependent variable. The SVR model was trained using the data from four out of five morphing conditions and then tested using the data in the remaining condition (i.e., leave-one-condition-out cross validation) to prevent the differences among conditions from becoming a confounding factor. In addition, we evaluated the decoding performance using a leave-one-run-out cross-validation procedure to prevent the differences among runs from becoming a confounding factor. More specifically, we trained the model with the fMRI data from four out of five conditions in five out of six runs and tested it with the independent data of the remaining condition in the remaining run (e.g., the fifth condition in the sixth run). This procedure was repeated 30 times (five conditions times six runs) so that each condition in each run was used as test data once. We performed a volume-based searchlight analysis using voxels within a 9-mm-radius sphere (see Searchlight Decoding Over the Brain) extracted from each volume of fMRI data scanned every 2 s (TR = 2 s) during the move periods. Here, each volume corresponded to a cycle of the sinusoidal movement.

### Evaluation of Decoding Accuracy in Individual Analyses {#sec11}

We evaluated the above decoding accuracy in the test phase by calculating the *z*-scores of the Fisher-transformed Pearson's correlation coefficient following the permutation procedure ([@ref45]; [@ref61]). We generated 1000 surrogate correlation coefficients by permutating the relationship between the actual and predicted value 1000 times to get an empirical distribution of the correlation coefficients. The *z*-scores of the original (without permutation) value was calculated based on the empirical distribution. The above steps were then applied to the test dataset in each condition. We regarded *z*-scores averaged across conditions as indicative of the decoding performance by each participant.

### Searchlight Decoding Over the Brain {#sec12}

We performed a volume-based searchlight decoding analysis ([@ref43]; [@ref36]). We repeatedly extracted voxel patterns within a 9-mm-radius sphere containing at least 65 voxels to perform regression analysis. This sphere was moved over the gray matter of the entire brain, and the mean of the *z*-scores was assigned to the sphere's central voxel, resulting in a 3-D *z*-score map for each participant. A random-effects group analysis was performed on the *z*-score maps by using SPM8. To satisfy the assumptions of Gaussian random field theory for statistical inference at the group level, the *z*-score maps were smoothed with a 4-mm full-width at half-maximum (FWHM) Gaussian kernel ([@ref62]; [@ref11]; [@ref72], [@ref71]). We applied a statistical analysis of the entire brain with a threshold of *P* \< 0.01 (family-wise error (FWE) corrected at cluster level with a cluster-forming threshold of *P* \< 0.0005). The anatomical localization was determined according to the automated anatomical labeling (AAL) atlas ([@ref68]).

Decoding Cursor-Joystick Distance and Velocity Difference with Multivoxel Pattern Regression {#sec13}
--------------------------------------------------------------------------------------------

We performed multivoxel pattern regression to investigate whether the brain regions contained enough information to predict sensorimotor information (distance or velocity difference between the cursor and joystick; for details and definition, see Results: Relationship Between Tracing Behavior and Rating Score of Self-Other Attribution). Note that we used the mean of the distance or velocity difference from 4 to 8 s after the onset of the move period in order to exclude periods when the cursor was not clearly visible on the screen (for details see Behavioral Task). The procedure for decoding sensorimotor information was almost the same as that for decoding self-other attribution. The only exception was that the dataset in the self 100% condition was not included in the calculation of decoding performance (i.e., a correlation coefficient between actual and predicted value) because the cursor-joystick distance or velocity difference was zero in this condition. We applied a volume-based searchlight analysis to each volume of fMRI data scanned every 2 s during the move period. We assigned *z*-scores of the Fisher-transformed Pearson's correlation coefficient calculated by the permutation procedure (see Evaluation of Decoding Accuracy in Individual Analysis) to the sphere's central voxel. Next, we performed group analysis on the smoothed 3-D *z*-score maps for each participant.

Results {#sec14}
=======

Self-Other Rating Score on Morphing Ratio Condition {#sec15}
---------------------------------------------------

[Figure 3](#f3){ref-type="fig"} shows the rating score averaged across all participants as a function of the morphing (self-movement) ratio. We found a significant main effect of the morphing ratio (*F* (4, 85) = 151.2, *P* \< 0.001) according to a one-way repeated-measures ANOVA with the five morphing ratios as a within-subject factor. The rating scores linearly increased as the ratio of self-movement increased, which was also found in a previous study ([@ref2]). The lines behind bars represent regression lines fitted to each participant's rating scores: (rating score) = *w*~0~ + *w*~1~ × (self-movement ratio). The mean of the line slopes (*w*~1~) was 0.049 (SD: 0.015), which was significantly larger than zero (two-tailed *t*-test: *t*(17) = 13.6, *P* \< 0.001).

![Self-other attribution rating scores averaged across participants for each morphing ratio. The higher the score was, the more strongly participants felt that the cursor movement was attributed to their own joystick movement. Error bars indicate standard error of the mean. A linear regression model was fitted to each participant's rating scores. The regression lines of all participants are shown behind the bars.](bhaa028f3){#f3}

Relationship Between Tracing Behavior and Rating Score of Self-Other Attribution {#sec16}
--------------------------------------------------------------------------------

We investigated the relationship between trial-by-trial rating scores and behavioral measures to specify the sensorimotor factors that affected the self-other attribution of the participants. We examined four behavioral measures as possible factors: 1) the target-cursor distance, which is the vertical distance between the target path and the cursor position (blue line in left panel of [Fig. 4*A*](#f4){ref-type="fig"}), 2) the target-joystick distance, which is the vertical distance between the target path and the joystick position (green line in left panel of [Fig. 4*A*](#f4){ref-type="fig"}), 3) the cursor-joystick distance, which is the Euclidean distance between the cursor and the joystick positions (red line in left panel of [Fig. 4*A*](#f4){ref-type="fig"}), and 4) the cursor-joystick velocity difference. The velocity difference was the norm of the difference between the cursor and the joystick velocities: $\documentclass[12pt]{minimal}
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}{}${v}_{yj}$\end{document}$ are those of the joystick, respectively (orange line in right panel of [Fig. 4*A*](#f4){ref-type="fig"}). We calculated the Fisher-transformed Pearson's correlation coefficients between each behavioral measure (mean value within every second) and self-other rating scores (one value for each trial).

![Relationship between tracing behavior and rating score of self-other attribution of movement. (*A*) Schematic of the four behavioral measures whose relationships with the self-other attribution score were investigated. Blue, green and red lines in the left panel indicate the target-cursor, target-joystick, and cursor-joystick distances, respectively. Light and dark gray arrows in the right panel denote the joystick and cursor velocity, respectively. Orange line represents the cursor-joystick velocity difference. (*B*) Time courses of Fisher-transformed Pearson's correlation coefficients between each behavioral measure and the self-other rating scores during the 10-s move period. Values of behavioral measures were averaged within every second. Colored shaded areas denote 95% confidence intervals. Bottom panel denotes visibility of the cursor during the move period. Hatched area denotes the period during which the cursor was invisible (i.e., cursor visibility was zero). Here, the data for self 50% condition are shown. Negative correlation indicates that the greater the behavioral measure became, the lower the score the participants gave (i.e., more other attribution). (*C*) Time courses of Fisher-transformed Pearson's correlation coefficients between accumulated value of each behavioral measure and rating scores. Values of behavioral measures were averaged from movement onset to every second. Colored shaded areas denote 95% confidence intervals. Hatched area denotes the period during which the cursor was invisible. Note that the data for self 50% condition are shown. Negative correlation indicates that the greater the behavioral measure was accumulated, the lower the score the participants gave.](bhaa028f4){#f4}

![Decoding performance for self-other attribution during movement, with clusters of significant decoding accuracy (*P* \< 0.01 FWE corrected at cluster level with a cluster-forming threshold of *P* \< 0.0005). A searchlight decoding analysis was applied to a volume scanned every 2 s during the 10-s move period to create accuracy maps. The sinusoidal waves represent a typical cursor movement along the timeline shifted by 6 s from the actual time considering the hemodynamic response delay (HRD). All clusters larger than 50 voxels are reported. IFG: inferior frontal gyrus, IPL: inferior parietal lobe, pre CG: precentral gyrus, MOG: middle occipital gyrus, MTG: middle temporal gyrus, SMG: supramarginal gyrus, STG: superior temporal gyrus.](bhaa028f5){#f5}

###### 

Summary of searchlight decoding of self-other attribution of movement during move period

  Brain region                   Side    Cluster size   MNI coordinates (peak voxel)         
  ------------------------------ ------- -------------- ------------------------------ ----- ----
  Cycle 2                                                                                    
    1. Inferior frontal gyrus    Left    115            −51                            11    26
    2. Inferior parietal lobe    Left    52             −39                            −58   54
  Cycle 3                                                                                    
    3. Inferior parietal lobe    Left    147            −42                            −52   38
    4. Precentral gyrus          Left    198            −39                            −1    38
    5. Precentral gyrus          Right   193            36                             −10   50
    6. Superior temporal gyrus   Right   56             57                             −43   18
  Cycle 4                                                                                    
    7. Precentral gyrus          Left    367            −45                            −13   50
    8. Inferior parietal lobe    Left    81             −39                            −58   50
    9. Precentral gyrus          Right   339            33                             −10   58
    10. Insula                   Right   79             33                             17    6
    11. Supramarginal gyrus      Right   77             57                             −46   26
  Cycle 5                                                                                    
    12. Precentral gyrus         Left    82             −36                            −10   54
    13. Middle occipital gyrus   Left    150            −36                            −73   22
    14. Middle temporal gyrus    Right   84             54                             −58   14
    15. Supramarginal gyrus      Right   50             60                             −34   30

*Note*: A threshold at *P* \< 0.05 (FWE-corrected at cluster level with a cluster-forming threshold of *P* \< 0.0005) was set for statistical testing. Clusters larger than 50 voxels are reported. Cycles correspond to those illustrated at the bottom of [Figure 5](#f5){ref-type="fig"}, and they are shifted by 6 s from the actual time considering the HRD.

![(*A*) Clusters showing significant decoding accuracy for cursor-joystick distance and (*B*) those for cursor-joystick velocity difference (blue regions; *P* \< 0.01 FWE-corrected at cluster level with a cluster-forming threshold of *P* \< 0.0005). A searchlight decoding analysis ([@ref43]) was applied to a volume scanned every 2 s during the 10-s move period to create accuracy maps. The sinusoidal waves represent a typical cursor movement along the timeline shifted by 6 s from the actual time considering the HRD. All clusters larger than 50 voxels are reported.](bhaa028f6){#f6}

[Figure 4*B*](#f4){ref-type="fig"} shows the time course of the correlation for the self 50% condition ([Supplementary Fig. 1](#sup1){ref-type="supplementary-material"} shows time courses for all conditions). In the self 50% condition, the upper limit of the 95% confidence interval (CI) of the cursor-joystick distance was lower than zero from 2 s after the onset of movement (red line in [Fig. 4*B*](#f4){ref-type="fig"}). Similarly, the 95% CI of the velocity difference was less than zero from 3 s after the onset of movement (orange line in [Fig. 4*B*](#f4){ref-type="fig"}). This negative correlation indicates that the greater the cursor-joystick distance or velocity difference was, the more likely were the participants to judge the cursor movements to be attributed to the other's motion, and vice versa.

As shown in the bottom panel of [Figure 4*B*](#f4){ref-type="fig"}, we controlled the cursor visibility to avoid participants' highly sensitive reaction to the initial and final mismatch between their joystick and the cursor movements. Since the cursor visibility was different among the periods between 0 and 2 s (first cycle), between 2 and 4 s (second cycle), between 4 and 8 s (third and fourth cycles), and between 8 and 10 s (fifth cycle), the correlation coefficients for the four periods were not considered comparable. The correlations were nearly zero between any of the behavioral measures and the rating score in the first cycle. This result is reasonable because the cursor was completely invisible in this period. The cursor-joystick distance and velocity difference were highly correlated with each other: Pearson's correlation coefficients averaged across participants were 0.85 (SD: 0.10), 0.83 (0.10), 0.72 (0.17), and 0.38 (0.22) in the self 75%, 50%, 25%, and 0% conditions, respectively. Note that we used the mean of the distance or velocity difference from 4 to 8 s after the onset of the move period. This high correlation seems reasonable because these measures are not independent but determined by the relationship between the cursor and joystick movements, which largely affected the rating score.

[Figure 4*C*](#f4){ref-type="fig"} shows the time courses of the correlation between the rating score and the accumulated value of each measure, which was averaged from movement onset to each second. The negative correlation gradually became larger according to the distance or velocity-difference accumulation (red and orange lines in [Fig. 4*C*](#f4){ref-type="fig"} shown for self 50% condition). The time courses for all conditions are shown in [Supplementary Fig. 2](#sup1){ref-type="supplementary-material"}. This finding indicates that the accumulation of distance or velocity difference between cursor and joystick is essential for the judgment of self-other attribution. By contrast, the correlation coefficients for the target-cursor and target-joystick distances were stable around zero (blue and green lines in [Fig. 4*B*,*C*](#f4){ref-type="fig"}).

Decoding Self-Other Attribution During Movement {#sec17}
-----------------------------------------------

We decoded self-other attribution of cursor movement, which was evaluated by the participants after movement, from fMRI voxel patterns during the tracing. A searchlight analysis found clusters in which self-other attribution could be significantly decoded from their voxel patterns (red regions in [Fig. 5](#f5){ref-type="fig"}, *P* \< 0.01 FWE-corrected at cluster level with a cluster-forming threshold of *P* \< 0.0005; all clusters are reported in [Table 1](#TB1){ref-type="table"}). At first, the clusters in the left inferior frontal gyrus and IPL appeared in the second cycle of the move period. Then, the bilateral precentral gyrus, right superior temporal gyrus, right IPL (mainly the SMG), and right anterior insula showed significant decoding accuracies from the third to fourth cycles. In the last cycle, the left middle occipital gyrus and right middle temporal gyrus showed significant accuracies. These results indicate that the information that could predict the following self-other attribution is contained in the regions reported as the neural correlates of the sense of agency by the previous studies, such as the posterior parietal ([@ref24]; [@ref22], [@ref23]; [@ref55]; [@ref60]; [@ref73]; [@ref53]), sensorimotor ([@ref18]; [@ref64]), anterior insula ([@ref22]; [@ref67]), and higher visual cortices ([@ref4]; [@ref17]; [@ref73]). We also showed that the neural representation shifted from region to region during the tracing.

When assessing an individual's self-other discriminability by fitting the linear regression model to each participant's rating scores (regression lines in [Fig. 3](#f3){ref-type="fig"}), we found some of the participants showing relatively low and unstable discriminability. Therefore, as an additional analysis, we examined whether the poor discriminability affected our decoding result. We excluded seven (out of 18) participants with relatively low and unstable discriminability according to certain criteria (see [Supplementary Results](#sup1){ref-type="supplementary-material"}) and performed a random-effects group analysis on the *z*-score maps of the remaining participants. Consequently, we found a result similar to that of the 18 participants (for details see [Supplementary Results](#sup1){ref-type="supplementary-material"}: Exclusion of participants with low and unstable discriminability of action attribution and [Supplementary Fig. 3](#sup1){ref-type="supplementary-material"}).

Preference for Self-Other Attribution or for Sensorimotor Information {#sec18}
---------------------------------------------------------------------

We next decoded the sensorimotor information that was correlated with self-other attribution (i.e., cursor-joystick distance and velocity difference, [Fig. 4](#f4){ref-type="fig"}) from fMRI voxel patterns using a searchlight analysis. As a result, we were able to decode the cursor-joystick distance in many regions ([Fig. 6*A*](#f6){ref-type="fig"}, *P* \< 0.01 FWE-corrected at cluster level with a cluster-forming threshold of *P* \< 0.0005), including some of the clusters shown in [Figure 5](#f5){ref-type="fig"}. Similar results were obtained for the velocity difference ([Fig. 6*B*](#f6){ref-type="fig"}). Note that we could not find any cluster showing significant decoding performance in the first cycle. This is reasonable because the cursor was not displayed for the first 2 s ([Fig. 2*B*](#f2){ref-type="fig"}). These results indicate the possibility that decoding performance in some clusters in [Figure 5](#f5){ref-type="fig"} more dominantly reflected sensorimotor information than self-other attribution.

We assessed whether the voxel patterns in each cluster in [Figure 5](#f5){ref-type="fig"} were more sensitive to self-other attribution than to sensorimotor information or vice versa as follows. We computed difference (*diff*) in decoding performance (measured by *z*-score, see "Evaluation of Decoding Accuracy in Individual Analysis" in Materials and Methods) between self-other attribution and sensorimotor information. Here, *diff* was calculated for each participant (*i* = 1, 2, ... 18) and each cluster (*j* = 1, 2, ... 15):$$\documentclass[12pt]{minimal}
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As mentioned above, the cursor-joystick distance highly correlated with velocity difference. Thus, we compared the mean *z*-score across participants between the two measures for each cluster and chose the higher one as *z*-score^sensorimotor\ information^ for the cluster (*j*) to simplify further analysis. Note that the mean *z*-score was higher for the cursor-joystick distance than for the velocity difference in all clusters except cluster 15 (right SMG, see [Table 1](#TB1){ref-type="table"}). We computed mean *diff* across participants for each cluster (*M*~*diff*(*j*)~) and divided this by the standard deviation (SD~*diff*(*j*)~) to get the effect size (Cohen's *d~z~*, [@ref44]):$$\documentclass[12pt]{minimal}
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}{}${\mathrm{SD}}_{diff(j)}=\sqrt{\frac{\sum_{i=1}^{18}{( diff(i,j)-{M}_{diff(j)})}^2}{18-1}}$\end{document}$. Importantly, this effect size has a sign. The positive sign means that the cluster (*j*) is more sensitive to self-other attribution than to sensorimotor information, while the negative sign means the opposite case (see eq. [1](#deqn01){ref-type="disp-formula"}).

[Figure 7*A*](#f7){ref-type="fig"} represents the signed effect sizes of the 15 clusters using a color code. Reddish colors indicate a bias toward the self-other attribution (positive sign), while bluish colors indicate a bias toward the sensorimotor information (negative sign). [Figure 7*B*](#f7){ref-type="fig"} shows the effect sizes of the clusters sorted in ascending order (see [Supplementary Fig. 4](#sup1){ref-type="supplementary-material"} for decoding performances for self-other attribution and sensorimotor information in all clusters). According to [Figure 7*B*](#f7){ref-type="fig"}, the areas near the central sulcus, including the bilateral precentral gyrus (clusters 5, 7, and 9) and left IPL (cluster 3), showed prominent biases toward sensorimotor information. By contrast, effect sizes in the right SMG in the fourth and fifth cycles (clusters 11 and 15) showed the highest and second-highest values among the clusters, respectively. Consistent with this result, the decoding performance in the right SMG was significantly higher for self-other attribution than for sensorimotor information (cursor-joystick velocity difference) in the fifth cycle (paired *t*-test: *t*(17) = 2.38, *P* = 0.029, [Fig. 7*C*](#f7){ref-type="fig"}). In addition, we found the left IFG in the second cycle (cluster 1), right MTG in the fifth cycle (cluster 14), right anterior insula in the fourth cycle (cluster 10), and right STG in the third cycle (cluster 6) to show relatively high effect sizes. Note that sensorimotor information was not considered comparable among the periods between 2 and 4 s (second cycle), between 4 and 8 s (third and fourth cycles), and between 8 and 10 s (fifth cycle) since we controlled the cursor visibility (for details see Materials and Methods: Behavioral task). Taken together, our results reveal that the preference for self-other attribution (or sensorimotor information) was different among the 15 clusters. Notably, the right SMG is the most sensitive to self-other attribution among these clusters at the final stage of movement.

![(*A*) Clusters color-coded according to the effect size of the difference between decoding performance for self-other attribution and for sensorimotor information. Warmer colors denote bias toward self-other attribution (positive value of the effect size), while colder colors denote bias toward sensorimotor information (negative value). The clusters are identical to those in [Figure 5](#f5){ref-type="fig"} (see [Table 1](#TB1){ref-type="table"} for anatomical details). The sinusoidal wave represented at the bottom is shifted by 6 s from the actual time considering the HRD. (*B*) Effect sizes in the 15 clusters sorted in ascending order. The number and color of the bars correspond to those of clusters in (*A*). (*C*) Decoding performance (*z*-score) for self-other attribution and cursor-joystick velocity difference in the right SMG in the fifth cycle (red and blue bars, respectively). Error bars show standard error of the mean.](bhaa028f7){#f7}

We further investigated the temporal changes in decoding performances (*z*-scores) of the cluster in the right SMG. [Figure 8](#f8){ref-type="fig"} shows *z*-scores as a function of the time bin (2 s) for self-other attribution ([Fig. 8*A*](#f8){ref-type="fig"}), cursor-joystick distance ([Fig. 8*B*](#f8){ref-type="fig"}), and velocity difference ([Fig. 8*C*](#f8){ref-type="fig"}) at the peak coordinate (*x* = 60, *y* = −34, *z* = 30 in MNI coordinates). The *z*-score for self-other attribution reached the peak value in the fourth cycle (time bin 4) and maintained a significant value in the last cycle (time bin 5: gray bars). Meanwhile, the *z*-score for sensorimotor information reached the peak before the last cycle (third cycle for cursor-joystick distance and fourth cycle for velocity difference) but abruptly declined in the last cycle. Consequently, while the decoding performance for sensorimotor information reached a significant level during the middle stage of the move period, the performance for self-other attribution remained high at the end of the move period.

![Time courses of *z*-scores for self-other attribution (*A*), cursor-joystick distance (*B*), and velocity difference (*C*) at the peak voxel (*x* = 60, *y* = −34, *z* = 30 in MNI coordinates) in the right SMG (cluster no. 15 in [Fig. 7](#f7){ref-type="fig"}). Error bars show standard error of the mean. Asterisks indicate *z*-scores that were significantly larger than zero according to two-tailed one-sample *t*-test (^\*^: *P* \< 0.01 uncorrected, ^\*\*^: *P* \< 0.05 Bonferroni corrected for multiple comparisons). Each time bin corresponds to a volume scanned every 2 s during the 10-s move and 6-s delay periods. Gray bars highlight the fifth bin (last cycle of the sinusoidal movement). The events denoted under the time bins are shifted by 6 s from the actual time considering the HRD.](bhaa028f8){#f8}

Discussion {#sec19}
==========

In the current study, we first found the sensorimotor, posterior parietal, anterior insula, and higher visual cortices as the regions where the self-other attribution could be decoded from their voxel patterns ([Fig. 5](#f5){ref-type="fig"}). As we found a tight relationship between agency attribution and the sensorimotor information based on the correspondence between the cursor and joystick movement (cursor-joystick distance and velocity difference; [Fig. 4](#f4){ref-type="fig"}), some of the found regions overlapped those in which the sensorimotor information could be decoded. Then, we investigated whether information represented in the found regions showed a preference for self-other attribution or for sensorimotor information according to the effect size of the difference in decoding performance. As a result, the right SMG (at the late stage of movement) and left IFG (at the early stage of movement) were sensitive to self-other attribution, while the bilateral precentral gyri and left IPL dominantly reflected sensorimotor information ([Fig. 7](#f7){ref-type="fig"}). Our findings demonstrate that individual regions processed the different levels of information during movement according to their preference.

The comparator model proposed that the prediction error is the main factor to determine agency attribution ([@ref9]; [@ref25]). In our experiment, the joystick position was not displayed on the screen during the task. However, participants could predict the actual position and velocity of their joystick on the screen according to their proprioception and a forward model of the relationship between the cursor and joystick. The participants could acquire the forward model during the practice run under the self 100% condition (for details see Materials and Methods: Behavioral Task). A cursor appeared in the position shifted by the addition of the other's joystick position to the predicted position (i.e., actual position) in the self 0--75% conditions ([Fig. 2*D*](#f2){ref-type="fig"}). Therefore, we can regard the cursor-joystick distance and velocity difference ([Fig. 4*A*](#f4){ref-type="fig"}) as proxies for a prediction error of sensory feedback. Our results demonstrate that the accumulation of these behavioral measures explains a large part of the variance in self-other attribution (red and orange lines in [Fig. 4*B*,*C*](#f4){ref-type="fig"}). These results are consistent with the implications suggested by the comparator model.

Previous studies have reported multiple brain regions as neural bases for the sense of agency. We found many such regions to be those in which self-other attribution could be decoded from their voxel patterns, such as the posterior parietal ([@ref24]; [@ref22], [@ref23]; [@ref55]; [@ref60]; [@ref73]; [@ref53]), sensorimotor ([@ref18]; [@ref64]), anterior insula ([@ref22]; [@ref67]), and higher visual cortices ([@ref4]; [@ref17]; [@ref73]). Since the concept of the sense of agency covers multiple aspects from the sensorimotor to judgment level, previous studies have not necessarily shown a difference in the level of the process in which each of various regions was involved within a single experiment (but see [@ref23]; [@ref49] for dissociation of brain regions associated with agency attribution from sensorimotor stages). The current study questioned whether the found regions preferentially processed immediate output of sensorimotor processing (mainly sensory prediction error) or information closely related to a conceptual judgment of agency during movement. We answered the question by showing the gradual difference in preference for self-other attribution in contrast to sensorimotor information ([Fig. 7](#f7){ref-type="fig"}). Such gradation of neural representation would give us a clue to understanding how each region intermediates between the prediction error and the conceptual judgment of agency attribution.

We found the clusters in the right SMG at the late stage and left IFG at the early stage of movement as the top three clusters that were more sensitive to agency attribution than to sensorimotor information among the 15 clusters in which self-other attribution could be decoded ([Fig. 7](#f7){ref-type="fig"}). The SMG is a part of the IPL, and previous studies also suggested that the right IPL plays a critical role in the subjective experience of self-agency. First, the right IPL is the region most frequently reported as a neural correlate of the sense of agency ([@ref24]; [@ref22], [@ref23]; [@ref55]; [@ref60]; [@ref53]). In particular, [@ref53]) morphed visual feedback (finger movement) by incorporating pre-recorded movement into the participant's actual one, and found two distinct networks involving the sense of agency: the leading and lagging networks. They found that blood-oxygen-level-dependent responses in the lagging network regions were slightly later than those in the leading network regions. By adding the functional connectivity analysis to this finding, they suggested that the lagging network played a role in mediating sensorimotor information to a conscious awareness of self-agency. The right IPL was found to be one of the main components of the lagging network. Second, a single-pulse transcranial magnetic stimulation (TMS) over the right IPL induced a change in the participant's action attribution ([@ref58]; [@ref59]; [@ref13]). Finally, the right IPL reflects the subjective experience of self-agency even without receiving a prediction-error signal calculated in the sensorimotor system ([@ref70]; [@ref33]; [@ref15], [@ref14], [@ref13]; [@ref32]; [@ref6]). The previous studies reported that the prospective signals, particularly the fluency of action selection controlled by subliminal priming, affected the sense of agency ([@ref70]). Their fMRI studies suggested that a region in the right IPL received the prospective signals carried from the dorsolateral prefrontal cortex and constructed the subjective experience of self-agency ([@ref15]). Taken together, the previous findings support our conclusion that the right IPL is dominantly responsible for the higher-order function in the neural process of the sense of agency ([@ref19]), compared with the low-level sensorimotor component.

Regarding the role of the right IPL, many neuroimaging studies have reported the right angular gyrus (AG), not the right SMG, to be sensitive to the difference in the sense of agency ([@ref23]; [@ref15]; [@ref6]; but see [@ref42]). In the current study, we found the cluster mostly in the right SMG in the last cycle (cluster 15 in [Fig. 7*A*](#f7){ref-type="fig"}), which did not overlap the right AG defined in the AAL atlas ([Supplementary Fig. 5](#sup1){ref-type="supplementary-material"}). There are two possible interpretations why the cluster was found in the right SMG, but not the right AG, in the current study. The first is that the SMG may preferentially code for sensorimotor conflicts, which are critical for the sense of agency, compared with an intersensory conflict between vision and proprioceptive information, which affects both sense of agency and body ownership ([@ref67]). [@ref67]) found the most prominent activation in the right SMG when visual feedback was asynchronized with the active finger movements. In contrast, the right AG was activated when visual feedback was asynchronized with passive movements as well as active movements. Based on their findings, it is possible to interpret that the neural representation in the right SMG found in our study reflected the sensorimotor-based sense of agency, not that affected by gain/loss of body ownership. The second is due to the difference in the analysis method between the previous studies and our study (i.e., univariate vs. multivariate analysis). To our knowledge, all of the previous neuroimaging studies reporting the AG as the neural basis of the sense of agency performed univariate analysis (i.e., increase or decrease in voxel-wise activation). By contrast, we performed MVPA to find the brain regions where we could decode agency attribution. Thus, it might be possible that the SMG mainly represents information reflecting the sense of agency at a multivoxel pattern level.

Our findings on the time courses of decoding performances in the right SMG ([Fig. 8](#f8){ref-type="fig"}) have significant implications for the neural process of the sense of agency. The sensorimotor information could be decoded in the middle of the move period (third and fourth cycles in [Fig. 8*B*,*C*](#f8){ref-type="fig"}). But more importantly, we found that the decoding performance for self-other attribution remained at a significant level (fifth cycle in [Fig. 8*A*](#f8){ref-type="fig"}), despite the sudden decline in performance for sensorimotor information at the end of the move period (fifth cycle in [Fig. 8*B*,*C*](#f8){ref-type="fig"}). The results suggest that the right SMG possibly contained the sensorimotor information for translating it into the conscious experience of self-agency. The right IPL has connections with many brain regions ([@ref12]) and the role of multisensory integration ([@ref38]; [@ref39]). Therefore, we can hypothesize that the right SMG receives and integrates the information processed in the regions that have a preference for sensorimotor processing and then calculates the sense of agency. For validation of this hypothesis, we need further studies on the information flow between the right SMG and other sensorimotor regions ([@ref42]).

As well as the right SMG, the left IFG in the second cycle (cluster 1 in [Fig. 7*A*](#f7){ref-type="fig"}) also showed relatively high effect size among 15 clusters. The cluster on the left IFG in the second cycle largely overlaps those found in the previous studies on body ownership and peripersonal space ([@ref21], [@ref20]; [@ref57]; [@ref28]; [@ref31], [@ref30]; [@ref10]; [@ref29]). In the second cycle, we manipulated the cursor to gradually become visible as noted in the Materials and Methods section (for details see Behavioral Task section, [Fig. 2*B*](#f2){ref-type="fig"} and [Supplementary Movie 1](#sup2){ref-type="supplementary-material"}). At the initial stage of a trial in this task, a possible strategy for participants was to explore the correspondence between their joystick control and the gradually visible cursor. Thus, we assumed that the degree of this correspondence determined how much the boundary of peripersonal space extended to the cursor on the screen. [@ref5]) has already demonstrated that the peripersonal space around the hand can be extended toward a cursor (computer mouse) on the screen. This subjective feeling of extending their body to the cursor could affect their evaluation of agency attribution. The above interpretation is also supported by the fact that the other cluster in the second cycle (cluster 2 in [Fig. 7*A*](#f7){ref-type="fig"}), which is located on the left IPL, also overlaps the area associated with body ownership and peripersonal space.

We combined two strategies to test our hypothesis. The first was to use a unique experimental paradigm that considers the temporal evolution of self-agency ([@ref1], [@ref2], [@ref3]). Most previous studies required participants to perform an intermittent action such as a button press (e.g., [@ref24]) or a reaching movement (e.g., [@ref17]). However, such simple tasks made it difficult to shed light on the processes of how the sense of agency was built in the brain. In our experiment, participants continuously received sensorimotor evidence while tracing a target path under an ambiguous condition so that they could gradually realize whether a cursor movement was attributed to the self or other. Thus, our task paradigm was appropriate to investigate the neural representation reflecting self-other attribution, which shifts from time to time. The second strategy was to apply an MVPA to fMRI data ([@ref35]; [@ref41]; [@ref54]). The MVPA enabled us to find the regions whose voxel patterns were more sensitive to self-other attribution than to sensorimotor information. Thus, the combination of these strategies has revealed a temporal change in the neural representation of self-agency grounded on the sensorimotor system. Note that MVPA evaluates whether the nonuniform response of voxels in a region is informative about the variable of interest ([@ref37]). Therefore, it is basically impossible to discuss how the uniform (i.e., positive or negative) responses in the found clusters were related to self- or other agency. Related to the above, we have confirmed that it is unlikely that our MVPA result ([Fig. 5](#f5){ref-type="fig"}) could be explained only by the activation level in the found clusters (for more details see [Supplementary Results](#sup1){ref-type="supplementary-material"}: Mass univariate analysis of voxel-wise activation modulated by self-other attribution and [Supplementary Fig. 6](#sup1){ref-type="supplementary-material"}).

In the current study, participants were required to report self-other attribution of cursor movement as a judgment of agency. By contrast, some studies required participants to report different types of agency judgments such as those regarding controllability (i.e., how much control they felt). The current experiment was not designed to answer the question of whether the type of agency judgment influences the neural process for determining the agency judgment. To answer this question, we need future studies designed to reveal the difference in neural substrates implicated in different types of agency judgments. For instance, we will acquire fMRI data under two conditions as follows. In one condition, participants will be required to report their explicit judgment about "self-other attribution" (i.e., how much they felt that the cursor movement was attributed to their own action). In the other condition, participants will report their judgment of "controllability" (i.e., how much they felt that they could control the cursor). For MVPA, a decoder will be trained to predict a rating score of self-other attribution in the same way as the current study. In the test phase, we will evaluate whether the trained decoder can predict the rating score of controllability (i.e., cross-decoding). This study might shed light on whether a common brain region is recruited in different types of agency judgment.

The MVPA in our study has several possible confounding factors. The first factor is the difference in attention level used to control the cursor depending on whether the participants felt the cursor movement was attributed to the self or controlled by the other. A possible scenario could be as follows: Participants might find it more difficult to precisely control the cursor in the presence of an external agent controlling the cursor. This scenario would suggest that the more strongly the participants felt that an external agent controlled the cursor, the more attention they would have given toward controlling the cursor. In that case, we could have only decoded different levels of attention that covary with action attribution. We checked whether the attention level correlated with the rating score of the self-other attribution. Although we cannot directly measure the level of attention given to cursor control, it can be inferred from the accuracy of the participant's tracing performance, such as the error between the target path and the cursor position (target-cursor distance in [Fig. 4*A*](#f4){ref-type="fig"}). Note that we instructed participants to precisely trace the target path with the cursor even in the self-other mixed conditions. We found that the target-cursor distance did not correlate with the rating score (blue line in [Fig. 4*B*](#f4){ref-type="fig"}). This result suggests that the attention placed on cursor control was not a crucial factor in decoding the self-other attribution judgment. The second factor is the difference in the rating score, which participants prepared in their minds before the rate period. We instructed them to judge action attribution on a 9-point Likert scale. Although the rate period was temporally distinct from the move periods, participants might have kept a rating score in mind before the rate period. It has been suggested that the right IPL is involved in a magnitude system of numerical processing ([@ref69]). Thus, we might have decoded the difference in the rating score from activity patterns in the right SMG, even before the rate period. However, the decoding performance of the cluster in the right SMG declined once the delay period began (time bin 6 in the "self-other attribution" panel in [Fig. 8*A*](#f8){ref-type="fig"}). This decline suggests that numerical processing was not a crucial factor in our successful regression.

In 1890, William James proposed the concept of the "I" as one aspect of the self: experiencing oneself as a subjective agent of thought, perception, and action ([@ref40]). Our study tackled the neural substrate underlying the awareness of ourselves as agents of action through interaction with the external world. As emphasized in the comparator model, our findings support the idea that the sense of agency is grounded on the sensorimotor system. More importantly, our study demonstrated the neural process that bridges the gap between lower level sensorimotor processing and higher level processing for agency attribution. In this process, the right SMG plays a critical role in translating sensorimotor information (obtained from interaction with the external world) into an awareness of the subjective agent of an action.
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